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The influences of Neisseria gonorrhoeae protein IB content and bilayer composition of liposomes and protein
content of iscoms on immunogenicity were investigated. Changes in the protein content of liposomes did not
influence the immunoglobulin G response, whereas the response was lowered when the amount of protein in
iscoms was increased. Bilayer composition only influenced the primary immunoglobulin G response;
immunological memory was not affected.

Liposomes are possible vehicles for the delivery of anti-
gens to the immune system. Some parameters, such as lipid
composition and epitope density, influence the immunoge-
nicity of haptenated liposomes (6, 16, 28, 32) and antigen-
containing liposomes (1, 7, 8, 11, 25). From these data, it
becomes clear that there seem to be some general principles
that determine the immunogenicity of an antigen-containing
liposome but that these principles cannot be blindly trans-
ferred to other liposome antigen systems. In this report, we
present results of a study concerning the influence of epitope
density, cholesterol content, and phase transition tempera-
ture of unilamellar vesicles containing the gonococcal pro-
tein IB (PI) on the humoral immune response in mice. The
results were compared with those of PI in iscoms with
different protein-to-Quil A (QA) ratios.
Gonococcal PI was purified by the method of Teerlink et

al. (29). Liposomes were prepared as described elsewhere
(F. van Dalen, G. F. A. Kersten, T. Teerlink, E. C. Beuv-
ery, and D. J. A. Crommelin, J. Controlled Release, in
press). In brief, lipids (Sigma Chemical Co., St. Louis, Mo.)
in chloroform were dried and resolubilized in TN buffer (10
mM Tris hydrochloride, 140 mM NaCl [pH 7.4]) with 150
mM octylglucoside (OG). PI, also in TN buffer with OG, was
added (lipid-to-protein ratio was 20:1 by weight for standard
preparations). The mixed micelles were diluted 11-fold in 16
s with TN buffer. After dialysis against TN buffer, the
liposomes were extruded through 600- and 200-nm (pore
size) polycarbonate membrane filters (Nuclepore Corp.,
Pleasanton, Calif.).
Iscoms were prepared by dialysis of phosphatidylethanol-

amine-cholesterol-QA-PI-OG micelles at a ratio of 5:5:20:
1:200 by weight for standard preparations (OG concentration
was 2%) (15). Iscoms were purified by ultracentrifugation on
sucrose gradients (18 h, 50,000 x g).
Mean hydrodynamic diameters were determined by dy-

namic light scattering with a size analyzer (system 4600;
Malvern Instruments Ltd., Malvern, United Kingdom).
The membrane fluidity of liposome preparations was de-

termined by measuring steady-state fluorescence polariza-
tion in a fluorescence spectrophotometer (Elscint MV-la;
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Elscint Ltd., Haifa, Israel), as described by van Blitterswijk
et al. (30). 1,6-Diphenyl-1,3,5-hexatriene (Sigma) was used
as the fluorescent probe. To correct for light scattering, each
solution was diluted until a plateau value of the fluorescence
polarization (P) was reached.

Cholesterol was determined by gas chromatography, with
the standard addition method as described by van Dalen et
al. (in press). Phospholipid was determined by the phospho-
rus assay described by Bartlett (2). QA was determined by
reversed-phase high-pressure liquid chromatography as de-
scribed earlier (15). Protein composition was determined by
polyacrylamide gel electrophoresis according to Laemmli
(18). Protein was visualized by Coomassie brilliant blue
staining or silver staining (31). Quantitive protein determi-
nation was done according to Bradford (3).
Groups of eight mice (strain Cpb:SE, random bred) were

immunized subcutaneously with 2.5 pLg of protein and
boosted 4 weeks after the first injection with an identical
preparation. Blood was collected 4 weeks after the first
immunization and 2 weeks after the second immunization.
The sera were pooled per group, and antibody levels were
measured relative to a reference serum with an enzyme-
linked immunosorbent assay with PI as antigen coat.
The initial molar lipid composition of the liposomes in

which protein content was varied was egg phosphatidyl-
choline-cholesterol-egg phosphatidylglycerol at a ratio of
7:2:1. The liposomes were prepared with three different
protein concentrations. The lipid-to-protein ratio and the
particle size were established. There was a slight increase in
hydrodynamic diameter when protein concentration was
increased (Table 1).
The effect of protein concentration in iscoms was also

investigated. We already reported the high toxicity of iscoms
compared with other antigen delivery systems (15). The
amount of the toxic component QA to be administered was
reduced by the incorporation of more protein into the
iscoms, compared with the standard conditions. However,
as a consequence, the particle size, as well as the polydis-
persity (data not shown), increased dramatically (Table 1).
Mice were immunized with the liposomes and iscoms, and

the humoral response was measured in an enzyme-linked
immunosorbent assay. All liposome preparations induced
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TABLE 1. Influence of protein content of P1-containing
liposomes and iscoms on size and immunogenicity

Relative IgG
PI concn Proportion Hydrodynamic response (%)'
(,ug/ml) of protein" size (nm)

Primer Booster

Liposomes'
35 22.4 110 3 29
84 9.5 132 2 24

121 7.5 150 2 25
Iscoms"

18 12.2 80 34 703
27 5.9 208 24 289
54 2.8 3,700 42 269

Values are ratios of lipid to protein for liposomes and ratios of QA to
protein for iscoms.

' IgG, Immunoglobulin G. Percentages are with respect to the value for an
anti-PI reference serum. The standard deviation in the decimal logarithmic
scale was 0.20; this implies a 95%-confidence factor of about 2 in the levels
presented.

' Initial molar composition was 7:2:1 egg phosphatidylethanolamine-cho-
lesterol-egg phosphatidylglycerol.

d Initial composition was 1:1:4 (by weight) egg phosphatidylethanolamine-
cholesterol-QA.

similar immune responses, whereas the response to iscoms
tended to decrease when the protein-to-QA ratio was in-
creased (Table 1), except after the primer with the iscom
having a QA-to-PI ratio of 2.8.
The liposomal lipid variables investigated were the

amount of cholesterol present in the bilayer and the chain
length and degree of saturation of the phospholipid. Phos-
pholipid content, cholesterol content, particle size, mem-
brane fluidity, and immunogenicity were determined (Table
2). It was not possible to prepare distearoylphosphatidyl-
choline liposomes containing no cholesterol or a low amount
of cholesterol or dipalmitoylphosphatidylcholine liposomes
without cholesterol. After dilution, aggregation occurred,
and almost no phosphate was present after extrusion through
the 200-nm (pore size) filter. The membrane fluidity of the
stable liposomes was determined by fluorescence polariza-

tion measurements. High polarization values (Table 2) mean
low membrane fluidity. A trend can be observed in the
immunoglobulin responses; immunoglobulin G response in-
creased as membrane fluidity decreased. After the booster,
this effect disappeared.

In this report, we discuss the effect of three parameters on
the immunogenicity of PI-containing liposome preparations,
namely, protein content, cholesterol content, and chain
length of the phospholipid. In addition an attempt was made
to correlate the immune response with a parameter describ-
ing the membrane fluidity.
We did not find a different immune response by increasing

the protein-to-lipid ratio, whereas for haptens, such a differ-
ence has been reported. Haptenated phospholipids are, up to
a certain concentration, homogeneously distributed over the
bilayers (13). This means that the epitope density indeed
increases with increasing hapten concentration. However,
several investigators have reported a nonrandom protein
distribution in liposome dispersions (4, 5, 14, 17, 23). Pro-
tein-rich liposomes might be coexisting with protein-free
liposomes. Therefore, it is very well possible that our

liposome preparations are also not homogeneous. There are

several explanations for this phenomenon. In the mixed
micelle stage of the liposome preparation, there exist prob-
ably at least two types of micelles: detergent-protein-lipid
micelles and detergent-lipid micelles. Differences in the
stability of the two types of micelles could cause a nonho-
mogeneous distribution of protein (14). Another explanation
is the following. Vesicle formation occurs via fusion of small
bilayer fragments (19, 24). These fragments must have the
proper orientation to fuse with the fast-growing bilayer.
Fragments without protein will orientate faster than protein-
containing fragments will. If we neglect differences in the
strength of the hydrophobic interactions, these differences in
the velocity of the orientation of "empty" and protein-
containing bilayer fragments mean that in the beginning
liposomes are formed that contain no or few protein mole-
cules, whereas at the end of the dilution process, more

protein is incorporated. This process could be amplified if

TABLE 2. Influence of bilayer composition on size, membrane fluidity, and immunogenicity of PI-containing liposomal preparations"

Initial molar Molar phospholipid/chol Hydrodynamic Fluorescence Relative IgG response (O)'
composition ratio of final product size (nm) polarization (P)" Primer Booster

PC-chol-PG
7:0:1 8:0 89 0.142 1 35
7:2:1 8:1.9 118 0.191" 3 29
7:6:1 8:5.2 126 0.289 4 28
7:10:1 8:7.2 115 0.330 4 23

DPPC-chol-DPPG
7:0:1 NS
7:2:1 8:2.1 285 0.421' 8 29
7:6:1 8:6.1 189 0.408 10 20
7:10:1 8:10.1 186 0.398 5 23

DSPC-chol-DSPG
7:0:1 NS
7:2:1 NS
7:6:1 8:8.5 223 0.414 5 18

" Abbreviations: PC, egg phosphatidylethanolamine; PG, egg phosphatidylglycerol; chol, cholesterol; DPPC, dipalmitolyphosphatidylcholine; DPPG,
dipalmitoylphosphatidylglycerol; DSPC, distearoylphosphatidylcholine: DSPG, distearoylphosphatidylglycerol; IgG, immunoglobulin G6 NS, not stable.

" P = 11 - I/Ill + 1, where Il, is the intensity of the emitted light parallel to the direction of the polarized excitation light and I is the intensity of the part of
the emitted light perpendicular to the excitation light. The maximal value of P is 0.5 (27).

' Percentages are with respect to the value for an anti-PI reference serum. The standard deviation in the decimal logarithmic scale was 0.20: this implies a
95%-confidence factor of about 2 in the levels presented.
"P for this preparation without protein, 0.183.
P for this preparation without protein, 0.420.
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the micellar solution has not reached equilibrium at the start
of the dilution process. This dilution was generally started
less than 10 min after mixing the lipid-OG micelles with the
protein-OG micelles. Although the OG concentration is
relatively high, 10 min might be too short for reaching
equilibrium (20, 21). In conclusion, increasing the protein-
to-lipid ratio does not necessarily mean that the epitope
density (i.e., the number of epitopes per surface unit per
liposome) indeed increases. Maybe only the number of
empty liposomes decreases. We were not able to separate
empty and PI-containing liposomes on Percoll gradients,
probably because the internal volume was not equilibrated
with the Percoll solution (data not shown). For a proper
separation of liposomes with different protein contents, it is
necessary for the gradient component to equilibrate with the
internal volume (17). In sucrose or metrizamide gradients,
fluid liposomes were not stable.
With iscoms, the protein itself strongly influenced the size

of the complexes. In this case, there are two other variables,
in addition to protein density differences: the size of the
particles and the concentration of QA, which is an adjuvant
itself (9, 10, 26). Therefore, we can not draw a definite
conclusion about the influence of epitope density on the
immunogenicity of iscoms, as was done by Lovgren et al. for
haptenated preformed (i.e., protein-containing) iscoms (22).
However, we succeeded in reducing the relative amount of
toxic QA more than 4-fold, causing a 2.6-fold-lower humoral
response.
We did find a small influence of lipid composition on

immunogenicity without the use of peritoneal exudate cells
or Freund complete adjuvant (1). More cholesterol induced a
stronger primary response if egg phosphatidylethanolamine
was used, and for dipalmitoylphosphatidylcholine, there was
an optimum for the liposomes with the intermediate choles-
terol content. A low lipid fluidity enhanced the primary
response more than fluid liposomes did. These effects were
absent in the booster reaction. In our system, the stimulation
of memory cells was not influenced by the bilayer composi-
tion of the liposomes. We do not have an explanation for this
phenomenon. Probably, the answer can only be found by
unraveling the interactions of the vesicles with the immune
system. These interactions seem to be complicated and
diverse. Liposomes are not only processed by macrophages,
but they also directly affect B and T lymphocytes. The
magnitude of this effect also depends on bilayer composition
(12).
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